Background. In cardiology, the paths of the arteries penetrating the septomarginal trabecula (SMT) are especially important. They provide blood supply to the apparatus of the right atrioventricular orifice and often form anastomoses with the system of the right coronary artery. Despite this, only a few publications discuss the morphological aspect of the septomarginal trabecula, and available histological analyses seldom deal with its blood supply.
Introduction
Among the wide network of the trabeculae of the right ventricle of the human heart, the septomarginal trabecula (SMT) plays a particularly important role. Its structure contains vessels supplying the valve apparatus of the right ventricle, which often form anastomoses with the right coronary artery. Moreover, within the trabecula there are often branches of the right offshoot of the bundle of His.
Despite this, only a few publications present the morphological aspect of the SMT. Available histological analyses are devoted to the issues of the ratio of muscle tissue to connective tissue, as well as the presence of fibers of the conduction system, so they seldom discuss its blood supply. Therefore, a detailed analysis of the arterial blood supply of this structure seems to have a clinical significance. The dynamic development of cardiac surgery and invasive diagnostic and treatment methods reveal the need for more detailed knowledge of the positions of vessels in various structures inside the heart cavities. Such knowledge may lead to procedures with optimal saving of the heart structures and to the prevention of potential complications.
The aim of this study was to analyze the vessel structure of the septomarginal trabecula in terms of the variability of the area of the cross-section of the lumen and the muscular layer.
Material and methods
The study was carried out on the material of 50 human hearts fixed in a solution of formalin and ethanol. The hearts, in which no lesions or developmental defects were found macroscopically during the section, came from adults (18-76 years old) of both sexes. The material was divided into 4 morphological types according to the classification suggested by Kosiński et al. 1 The analysis was performed on the basis of the observation of the cross-sections of the SMT divided into 10 equal sections (levels) (Fig. 1 ). The histological examination was conducted by means of classic staining methods (hematoxylin eosin, van Gieson's stain with Goldner's modification) under a stereo-microscope (MN 800 Series; Opta-Tech, Warszawa, Poland) with Moticam 2000 2.0M camera (Motic Incorporation Ltd., Hong Kong) and the use of the Motic Images Plus v. 2.0 2006 (Motic China Group Co., Ltd., Xiamen, China) computer program.
The majority of variables did not have a normal distribution and were analyzed by means of non-parametric tests. The 1 st tested hypothesis which stated that the probability distributions were the same in all examined groups was rejected (the Friedman test; p < 0.001). Taking the natural structure of the examined material into consideration, the results of this test were not included in the paper, and post hoc procedures were performed. When performing these procedures, the Mann-Whitney test for paired samples was used (which is, of course, equivalent to the Wilcoxon test for paired samples in this case). A p-value <0.05 was considered to be statistically significant. The statistical analyses were performed using R v. 2.15.1. 2
Results
During the study, 4 morphological types of the SMT were confirmed. The division into these types regards the paths of the SMT penetrating through the lumen of the right ventricle and the relation of SMT to the anterior papillary muscle. In type I, the SMT, which varied with respect to thickness, constituted a homogenous structure not directly connected with the anterior papillary muscle. In types II and III, the SMT constituted a homogenous structure undivided by the anterior papillary muscle. The difference from type I lies in a close connection of the base of the anterior papillary muscle with the anterior wall of the ventricle, as well as its direct connection with the trabecula. Type II is a tangent connection of the trabecula and the anterior papillary muscle or their permanent integration to some degree. However, in type III, the base of the muscle attached to the anterior wall was closely connected with the peripheral end of the SMT. Type IV included cases in which 2 parts of the SMT could be distinguished. The first is septal-papillary part that connects the intraventricular septum and the anterior papillary muscle. The second one is the papillary-marginal part located between the anterior papillary muscle and the anterior wall of the right ventricle.
The frequency of the occurrence of particular types of SMT is presented in Table 1 .
The results presented in this study include the 2 most numerous morphological types: type III and IV.
The main vascularization of the SMT is formed by its main artery, which offshoots from one of the septal arteries. On the cross-section of the trabecula, its main artery is most often found in a central location (Fig. 2) .
The artery takes the peripheral position when it approaches the anterior papillary muscle (Fig. 3) .
The main artery of the SMT is always significantly larger than other SMT arteries ( Fig. 4) .
In some cases, the artery may comprise a substantial part of the whole cross-section of the SMT (Fig. 5 ).
The area of the cross-section of the artery of the septomarginal trabecula
Our results indicate that in type III, the area of the crosssection of the artery of the SMT increases only on 4 levels. On the next levels, it slightly decreases or remains at the same value. On the 4 th level, the examined artery assumes the highest median and max values. The artery of the SMT is found to first widen successively until it reaches its peak value at level 4, and then its area is getting smaller ( Table 2 ). The results indicate that the area of the cross-section of the artery of the SMT in type IV is subject to fluctuations over the whole length, with a distinct gradual decrease in the area from level 6 to level 9. The median value of the area of the artery of the trabecula increases statistically significantly between level 2 and levels 3, 5 and 6 ( Table 3 ).
Total area of the cross-section of all arteries of the septomarginal trabecula
The results indicate that in type III, the total area of the cross-section of all arteries of the trabecula increases statistically significantly on the first 5 levels. From that point, certain fluctuations occur: the area slightly decreases or slightly increases. Statistical analyses have also revealed a significant decrease of the studied value from level 4 to level 9 (Table 4 ).
Our results indicate that in type IV, the total area of the cross-section of all arteries of the trabecula increases statistically significantly between level 2 and level 8. A gradual increase in the median value of this area from level 5 to level 8 of the trabecula may be observed ( Table 5 ).
The number of arteries on the cross-section of the septomarginal trabecula
When particular levels are grouped into sections corresponding to the beginning, middle and end of the trabecula, statistical differences among all groups can be seen in type III. The number of arteries increases successively from the beginning to the end of the trabecula ( Fig. 6 A) . However, in type IV, statistically significant differences occurred between group 1 and groups 2 and 3. The number , p = 0.03; b 2 vs 3, p = 0.04; c 2 vs 4, p = 0.01; d 3 vs 4, p = 0.04; e 4 vs 7, p = 0.04; f 4 vs 9, p = 0.04. 2 vs 3, p = 0.04; b 2 vs 5, p = 0.04; c 2 vs 6, p = 0.04; d 6 vs 9, p = 0.04; e 7 vs 9, p = 0.04. a 1 vs 2, p = 0.05; b 1 vs 3, p = 0.05; c 1 vs 4, p = 0.04; d 1 vs 5, p = 0.03; e 2 vs 4, p = 0.04; f 4 vs 9, p = 0.03. 1 vs 5, p = 0.04; b 2 vs 3, p = 0.03; c 2 vs 4, p = 0.02; d 2 vs 5, p = 0.03; e 2 vs 6, p = 0.03; f 2 vs 7, p = 0.02; g 2 vs 8, p = 0.04; h 3 vs 7, p = 0.03; i 4 vs 7, p = 0.03; j 7 vs 9, p = 0.02.
of arteries increases from the beginning to the end of the trabecula (Fig. 6 B) . Type III -statistically significant differences, on the level of p < 0.05 (the Wilcoxon test), between levels 1-3 and 4-7; 4-7 and 8-10; 1-3 and 8-10.
Type IV -statistically significant differences, on the level of p < 0.05 (the Wilcoxon test), between levels 1-3 and 4-7; 1-3 and 8-10.
The ratio of the area of the cross-section of all the arteries of the septomarginal trabecula to their number
When particular levels are grouped into sections corresponding to the beginning, middle and end of the trabecula, then statistical differences among all 3 groups can be noticed in type III (F ig. 7 A). However, in type IV, statistically significant differences occurred between the end and the beginning, and the middle parts of the trabecula (Fig. 7 B) .
Type III -statistically significant differences, on the level of p < 0.05 (the Wilcoxon test), between levels 1-3 and 4-7; 1-3 and 8-10; 4-7 and 8-10.
Type IV -statistically significant differences, on the level of p < 0.05 (the Wilcoxon test), between levels 1-3 and 8-10; 4-7 and 8-10.
The area of the cross-section of the muscular layer of the septomarginal trabecula
The results indicate that in type III, the area of the crosssection of the muscular layer of the SMT shows certain dynamics of behavior. Although it is not statistically significant, the median value increases up to the middle of the trabecula ( Table 6) .
The results of this study show the following tendency: in type IV, the median value of the area of the cross-section of the muscular layer gradually increases up to level 7, and then decreases up to the end of the trabecula ( Table 7 ).
The ratio of the area of the cross-section of the muscular layer of the SMT to the area of the cross-section of the artery of the SMT
Our results revealed an increase in the median value of the ratio of the area of the cross-section of the muscular layer to the area of the cross-section of the artery in type III from level 2 to level 6. The median is smaller at the beginning than at the end of the trabecula ( Table 8 ).
The results indicate that in type IV, the median value of the ratio of the area of the cross-section of the muscular layer to the area of the cross-section of the artery increases from level 3 to level 6 of the trabecula. The median is smaller at the beginning than at the end of the trabecula (Table 9) .
When particular levels are grouped into sections corresponding to the beginning, middle and end of the trabecula, in type III, statistically significant differences can be found between the end and the beginning, and the middle of the trabecula (Fig. 8 A) . However, in type IV there is a statistically significant difference between the end and the beginning of the trabecula (Fig. 8 B) . Type III -statistically significant differences, on the level of p < 0.05 (the Wilcoxon test), between levels 1-3 and 8-10; 4-7 and 8-10.
Type IV -statistically significant differences, on the level of p < 0.05 (the Wilcoxon test), between levels 1-3 and 8-10.
Discussion
There is hardly a substantial body of knowledge on the blood supply of the septomarginal trabecula. Gross was the first researcher to observe the constant occurrence of the artery of the SMT (ramus limbi dextri) in 1921, and other 2 vs 8, p = 0.04; b 3 vs 8, p = 0.02; c 3 vs 9, p = 0.05; d 3 vs 10, p = 0.05; e 4 vs 8, p < 0.01; f 4 vs 9, p = 0.01; g 4 vs 10, p = 0.03; h 5 vs 8, p = 0.04. 4 vs 10, p = 0.04; b 5 vs 10, p = 0.05. researchers have confirmed its presence. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] It is often described as a branch of one of the septal arteries, which branches off from the anterior descending artery. While studying the position of the artery of the trabecula, Reig et al. noticed that in 20 cases (71%) this artery originated in the 2 nd anterior septal artery, in 5 cases (18%) in the 1 st anterior septal artery, and in 2 cases (7%) in the 3 rd one. 6 However, in 1 case (4%) they confirmed the presence of 2 arteries in the trabecula and both of them originated in the 2 nd and 3 rd anterior septal artery. They described 2 possible paths of the arteries which mark the beginning of the artery of the SMT (in relation to a short heart axis). In 19 out of 28 examined cases, there was a horizontal path. This type included arteries that originated from the 1 st anterior septal artery and the majority of vessels originating from the 2 nd anterior septal artery. They proceeded through the site of the septal papillary muscle in a subendocardial position and branched off to it, as well as toward the apex of the heart. Then, they passed through the muscle accompanying and providing blood supply to the right branch of the bundle of His. Both of these structures followed the paths through the whole length of the SMT, and the SMT artery was positioned deeper until it reached the base of the anterior papillary muscle. 6 The same location of the artery of the SMT was observed in our study; it ran mainly in the central part of the cross-section of the trabecula (Fig. 2) . Nevertheless, it took a peripheral position when it approached the anterior papillary muscle (Fig. 3 ). However, according to Melo et al., this artery is located in the lower part. 4 Reig et al. state that the 2 nd path which arteries may follow to the SMT is an oblique path. It extends from the right side of the SMT toward the apex of the heart until it reaches the place where the SMT separates from the septum. From that point on, it displays the same topography and relations as in the case of the horizontal path. The arteries following this path may also branch off to the septal papillary muscle and the initial part of the right branch of the bundle of His. This type of path was found in the arteries of the SMT originating mainly from the 3 rd and sometimes from the the 2 nd septal artery. 6 Melo et al., after examining 30 human hearts, characterized the number and trajectory of the major septal arteries which serve as the origin of the SMT artery. They confirmed the presence of 210 septal arteries, which means on average 7 arteries per heart. One major septal artery was found in 90% (27) of hearts, 2 were found in 7% (2) of hearts and 3% (1) of the hearts had 3 arteries, from which 1 would always enter the SMT in its lower part. 4 The knowledge of the topography of the arteries of the SMT, as well as of the paths of the vessels leading to it, is very important for every cardiac surgeon. Procedures can be carried out with a maximum saving rate of the structures of the right ventricle and with the prevention of possible complications (e.g., during the application of a surgical method requiring incisions in the area of the septum, such as the correction of the Tetralogy of Fallot -TOF). The topography of the abovementioned arteries may also be assessed with the use of angiographic techniques. Therefore, in vivo diagnostics deserves special attention. 11, 13, 14 In angiographical analyses, Bowles and Daves noticed that the minor artery branches off directly from the main septal artery. It directs its course through the whole length of the trabecula and the anterior papillary muscle, and is anchored in the anterior leaflet of the tricuspid valve. 11 While describing the visualization of all arteries with a diameter over 200 µm in coronarography, Pawlak stated that the artery of the SMT was often visible. 14 Bowles and Daves confirmed its presence in 34 out of 36 septomarginal trabeculae in children's hearts and in 26 out of 36 adult hearts. 11 Our research indicates that the artery of the SMT is the most developed among all the arteries passing through the SMT. At times, there are several major vessels present, but it is always larger than the rest (Fig. 4, 5 ). However, Kosiński and Grzybiak observed 2 arterioles of different size in 5 out of the 10 examined trabeculae. 15 In our material, in the most numerously represented morphological types of the SMT, an initial increase in the area of the cross-section of both the artery of the trabecula and all arterial vessels altogether was noticed. In the case of the artery of the trabecula, this parameter increased up to half of the length of the SMT, and then decreased toward its end. In type III, the vessel was characterized on average by the same section as at the beginning of the trabecula; however, it was smaller in type IV at the end of the artery (Tables 2, 3 ). The total area of the section of all vessels in both types was also larger in the middle part of the trabecula; at the same time, it turned out to be larger at the end rather than at the beginning of the trabecula (Tables 4, 5 ).
It may be concluded that the reduction of the area of the cross-section of the artery toward the end of the SMT is compensated by an increase in the area of the section of smaller vessels, which one by one branch off from the main trunk as it follows its path through the trabecula. This is proved by a statistically significant increase in the number of the arterial vessels observed in subsequent sections through the trabecula ( Fig. 6 A, B) , parallel to a reduction of the ratio of the area of the section of all vessels to their number ( Fig. 7 A, B) .
In conclusion, the artery of the trabecula is reduced in favor of other arteries branching off. In the middle sections, the total area of the sections of the vessels increases, and in the final sections, it is higher than in the initial sections. It may show the role which is performed by the vessels of the trabecula in the blood supply of the anterior papillary muscle. In the discussed morphological types, it is strictly connected with the SMT and the branches of the left coronary artery, which passes through the trabecula and provides the majority of the blood supply for the muscle.
Another subject of the assessment was the thickness of the muscular layer of the SMT. In each of the morphological types of the SMT, there was an initial increase in the thickness of the muscular layer and a gradual decrease toward the end of the trabecula (Tables 6, 7) . Statistical analyses confirmed an increase in the thickness of the muscular layer in the middle levels in types III and IV. Moreover, it was noticeable that the thickness of particular layers of the wall of the artery on the section was variable, but it did not affect the dimensions of the lumen of the vessel. This was similarly described by Lorenz, who noticed that the changes in the thickness of the inner and middle layer did not affect the size of the lumen on the section. This variability seems to be one of the mechanisms of adaptation to exposure to deforming forces. 16, 17 It must be assumed that the middle part of the SMT is more susceptible to deformation. Both the tensing up of muscle fibers and blood ejection during systole of the right ventricle, as well as the relaxation of its muscles during diastole, along with the influence of blood flow, may be the mechanical factors causing a biological response from the walls of the blood vessels in the trabecula.
The ratio of the area of the cross-section of the muscular layer of the trabecula to the area of the cross-section of the whole SMT artery was similar in all types: it increased on the whole length of the trabecula (Tables 8, 9 ). Statistical grouping analyses confirm the importance of this tendency ( Fig. 8 A, B) . Taking into consideration that both the areas of the cross-section of the artery of the trabecula and its muscular layer decrease from the middle levels toward the end of the trabecula, it can be assumed that the muscular layer takes relatively more area of the cross-section of the whole artery toward the anterior papillary muscle. This may be related to the fact that in the area where the trabecula and the anterior papillary muscle are connected with the anterior wall of the right ventricle there are particularly intensive tensions during systole, which determine the thickness of the muscles of the blood vessels.
This study shows that the arteries of the SMT, which are in close connection with the anterior papillary muscle, supply it with blood when they reach it. Furthermore, the structure of the vessels of the trabecula may also form a crucial component of the blood supply of the free part of the anterior-lateral wall of the right ventricle. Similar data can be found in the literature. 3, 7, 9 According to many authors, properly-shaped vessels of the trabecula may create anastomoses between the system of the left and right coronary artery.
The analyses of Reig-Vilallonga et al. confirmed the presence of anastomoses in 96% of the examined cases, including the anastomoses within the supraventricular crest, where the SMT was created in 76% of the cases. Moreover, they distinguished 4 types. 18 In their previous study, they confirmed the existence of anastomoses in 68.1% of cases. 19 The results of the study we conducted also confirm the presence of such arterial connections -on the anterior wall of the right ventricle and on the base of the anterior papillary muscle.
The authors of numerous works show the protective role of the blood flow to the muscle of the right ventricle through the arteries of the SMT. 3, [20] [21] [22] [23] [24] [25] [26] The research suggests that myocardial infarction of the right ventricle is caused by the narrowing of the proximal section of the right coronary artery, especially of the abovementioned artery of the trabecula. 22 When the vessel is unobstructed in the anterior-lateral part of the free wall of the right ventricle, ischemic damages occur less frequently. 3, 27 Haupt et al. described 19 cases of acute myocardial infarction of the anterior-lateral wall of the right ventricle as a result of the closure of the lumen of the section proximal to the right coronary artery. In 5 patients who had an extensive (>25%) myocardial infarction of the right ventricle, 4 had a significant (>75%) narrowing of the anterior left descending artery (proximal to the beginning of the artery of the SMT), 2 had a closure of the 1 st septal branch of this artery, and 1 had coronary thrombosis in the initial part of the right coronary artery. The authors observed a positive correlation between the extension of myocardial infarction of the ventricle and some degree of impairment of a potential collateral flow from the anterior left descending artery to the right coronary artery. 22 Other researchers have described a clinical situation in which myocardial infarction affected the left ventricle of the heart and until the moment of total closure of the lumen of the left coronary artery, the collateral circulation path was provided by the arteries of the SMT, but in the opposite direction. In the postmortem coronography, they noticed a well-developed artery in the SMT. 5 In conclusion, the passing of the septomarginal trabecula through the lumen of the right ventricle exposes its arteries to the influence of factors which may evoke a biological response from the walls of this vessel, causing the thickening of the muscular layer and, as a result, of the cross-section of the whole artery, in the middle sections. Moreover, in the final sections of the SMT, the muscular layer of its artery gradually takes up more and more area of the cross-section of the whole vessel.
